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Abstract — This paper presents an investigation of five-Level 
Cascaded H-bridge(CHB) inverter as Active Power Filter in 
Power System (PS) for compensation of reactive power and 
harmonics. The advantages of CHB inverter are low harmonic 
distortion, reduced number of switches and suppression of 
switching losses. The Active Power Filter helps to improve 
the power factor and eliminate the Total Harmonics Distortion 
(THD) drawn from a Non-Liner Diode Rectifier Load (NLDRL). 
The D-Q reference frame theory is used to generate the 
reference compensating currents for Active Power Filter 
while Neuro-Fuzzy controller(NFC) is used for capacitor dc 
voltage regulation. A CHB Inverter is considered for shunt 
compensation of a 11 kV distribution system. Finally a level 
shifted PWM (LSPWM) technique adopted to investigate the 
performance of CHB Inverter. The results are obtained through 
Mat lab / Simulink . 

Index Terms — Active power filter(APF), Five-level cascade 
inverter, level shifted pulse width modulation(LSPWM), 
neuro-fuzzy controller(NFC),total harmonic distortion(THD), 
harmonics. 

I. Introduction 

The widespread increase of non-linear loads nowadays, 
significant amounts of harmonic currents are being injected 
into power systems. Harmonic currents flow through the power 
system impedance, causing voltage distortion at the harmonic 
currents' frequencies. The distorted voltage waveform causes 
harmonic currents to be drawn by other loads connected at 
the point of common coupling (PCC). The existence of current 
and voltage harmonics in power systems increases losses in 
the lines, decreases the power factor and can cause timing 
errors in sensitive electronic equipments. The use of grid 
connected power electronic converters to improve power 
quality in power distribution systems represents the best 
solution, in terms of performance and stability, for the 
elimination of harmonic distortion, power factor correction, 
balancing of loads, and voltage regulation. 

The most common example of this type of equipment is 
the active power filter (APF) which has two main 
configurations: the shunt connected active power filter is 
placed in parallel with a non-linear load (NLL) and controlled 
to cancel the current harmonics created by it; its dual, the 
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series active power filter, is employed for voltage correction 
and is connected in line with the NLL [1-7]. Power quality 
(PQ) is the key to successful delivery of quality product and 
operation of an industry. The term PQ means to maintain 
purely sinusoidal current waveform in phase with a purely 
sinusoidal voltage waveform. The deteriorating quality of 
electric power is mainly because of current and voltage 
harmonics due to wide spread application of static power 
converters, zero and negative sequence components 
originated by the use of single phase and unbalanced loads, 
reactive power, voltage sag, voltage swell, flicker, voltage 
interruption etc. The cascade multilevel inverter based active 
power filter is suitable for power line conditioning in the power 
distribution network[8]. A hierarchical neuro-fuzzy current 
control scheme for a shunt active power filter improve the 
performance[9]. 

The power conversion strategy called multilevel 
inversion decreases the total harmonic distortion (THD) 
by obtaining the output voltage in steps and bringing the 
output closer to a sine wave [10]. Producing an approximate 
sinusoidal voltage from multiple levels of dc voltages, 
normally obtained from capacitor voltage sources is the 
common objective of multilevel inverters [ 1 1 ] . A multi -pulse 
inverter like 6-pulse or 12-pulse inverter achieves harmonic 
as well as reactive power (VAR) compensation through 
numerous voltage-source inverters interconnected in a zigzag 
manner by means of transformers [ 12] . Flexibe ac transmission 
systems, renewable energy sources, uninterruptible power 
supplies and active power filters are some power electronics 
applications in which multilevel inverters are important [13]. 
Multi-level inverters (MLI) have emerged as a successful 
and realistic solution for power increase and harmonics 
reduction of AC waveform [14]. 

This paper presents various issues in design of Neuro- 
Fuzzy controller and level shifted carrier (LSCPWM) 
technique are used to obtain switching logic for Active power 
filter. The performance of these controllers is demonstrated 
with linear resistive-inductive (R-L) loads through simulation 
results using Power System toolboxes (PST) of Simulink / 
MATLAB. 
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II. Design Of Multilevel Inverter Based Active Power 
Filter 

A. Active power filter 

The increased severity of harmonic pollution in power 
networks has attracted the attention of power electronics 
and power system engineers to develop dynamic and 
adjustable solutions to the power quality problems. Such 
equipments, generally known as active filters [15], are also 
called active power line conditioners. To effectively 
compensate the line current harmonics, the active filter 
controller should be designed to meet the following three 
goals: 

1. extract harmonic currents and inject compensating 
current; 

2. maintain a constant dc capacitor voltage; 

3. avoid generating or absorbing reactive power with 
fundamental frequency components. 

The shunt APF shown in Fig.l has the structure of a 
multilevel voltage source inverter connected to the line by 
an inductance Lf rated at about 5% of the filter power. The dc 
link storage component is a capacitor, usually of larger value 
than in a standard power inverter [8]. 
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Figure 1. Shunt active power filter 

B. Control for dc link voltage 

The aim of the control scheme is to maintain constant 
voltage magnitude at the point where a sensitive load under 
system disturbances is connected. The control system only 
measures the rms voltage at the load point, i.e., no reactive 
power measurements are required. The VSC switching 
strategy is based on a sinusoidal PWM technique which 
offers simplicity and good response. Since custom power is 
a relatively low-power application, PWM methods offer a 
more flexible option than the fundamental frequency 
switching methods favored in FACTS applications. Apart from 
this, high switching frequencies can be used to improve on 
the efficiency of the converter, without incurring significant 
switching losses. 
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The controller input is an error signal obtained from the refer- 
ence voltage and the rms terminal voltage measured. Such 
error is processed by a neuro-fuzzy controller; the output is 
the angle 5, which is provided to the PWM signal generator 
as shown in Fig. 2. It is important to note that in this case, of 
indirectly controlled converter, there is active and reactive 
power exchange with the network simultaneously. The neuro- 
fuzzy controller processes the error signal and generates the 
required angle to drive the error to zero, i.e. the load rms 
voltage is brought back to the reference voltage. 

C. Neuro-Fuzzy Controller 

Neuro fuzzy system gives the switching angles and 
frequency value. By using this value the harmonic contents 
present in the system are eliminated. The overall process 
takes place in proposed method is shown in Fig.4. Feed back 
controller used here is to calculate voltage error values in the 
system. This voltage error values is given as the input to 
neuro fuzzy system. In the feedback controller, the voltage 
values are calculated from the voltage waveform for different 
time values. From the reference waveform voltage values at 
different time values are taken as reference voltage value. 
Then for different time values, the voltage values are taken 
from the harmonics waveform and compared with the 
reference waveform. The voltage error values are calculated 
using the equation given below. 
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Figure 3. Proposed method 



V = V -V 

error rej h 



(1) 



where V re f is the voltage value of the system without 
harmonics. 

After calculating the voltage error values, next step is to 
generate training dataset for training neuro fuzzy system. 
Generating training dataset is one of the most important 
processes because based on the training dataset only the 
neuro fuzzy system will be trained. 

The training dataset generated for training neuro fuzzy 

system consists of n input variables and $ + 1 output 
variables. Here, stands for number of voltage values taken 
for generating dataset, is the total number of dataset 
generated, is the switching angle and stands for number of 
switching angles. The dataset generated for our proposed 
method is shown below. 



Figure. 2 Neuro-fuzzy control for reactive power compensation 
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By using the above dataset, neuro fuzzy system is trained. 
The neuro fuzzy operation is explained briefly in the below 
sections. 

The steps for training the neural network are 
Step 1 : Initialize the input weight of each neuron. 
Step 2: Apply a training dataset to the network. 

Here Yi,Y 2 , ■Y n are the input to the network and 
Zj , Z 2 , ... Z J+1 are the output of the network. 



where, 
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Eqn 12, 13, 14 & 15 represents the activation function 
performed in the output and input layer respectively. 
Step 3: Adjust the weights of all neurons. 
Step 4: For each set of voltage values, select the 
switching angle and frequency. 

Step 5: Select the best switching angle and frequency. 

After completion of training, neuro fuzzy is used for 
practical application. After completion of training neuro fuzzy 
system the next step is to eliminate the harmonic contents in 
the system. First voltage error values are calculated using 
the equation 3. By giving voltage error values as input to the 
neuro fuzzy system, it gives corresponding frequency and 
switching angles as output. By applying this frequency and 
switching angle values to the system the harmonic contents 
present in the system are eliminated. The frequency and 
switching angle are substituted in the equation given below. 



V(t) 



V h .sm(h.2.n.f f.t) 



(V) 



where, f f is the frequency obtained from neuro fuzzy system. 



4V dc S 



(8) 



hn J 



where, ■ is the switching angles obtained from neuro 



fuzzy system and h is the harmonic order. 
By substituting equation 5 in 1 we get the output dc voltage. 
The harmonics content eliminated or not is calculated using 
the below condition. 
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D. Cascaded H-Bridge Multilevel Inverter 
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Figure. 4 Circuit of the single cascaded H-Bridge Inverter 

Fig.4 shows the circuit model of a single CHB inverter 
configuration. By using single H-Bridge we can get 3 voltage 
levels. The number of output voltage levels of CHB is given 
by 2n+l and voltage step of each level is given by Vdc/2n, 
where n is number of H-bridges connected in cascaded. The 
switching table is given in Table. I. 

Table I. Switching table of single CHB inverter 



5iviteli?s Turn ON 


VoltaES- Lav al 


si.s; 


Vdc 


5k54 


-Vic 


54.m 







Figure. 5. Block diagram of 5-level CHB inverter model 

The switching mechanism for 5-level CHB inverter is shown 
in table-II. 

Table II. Switching table for 5-level CHB Inverter 



Switches Turn On 


VoltlEE L?vjl 






5i.s:.5:-.5<; 




54.D2.5E.K 




53.54 


-Vic 


S3..S4.S-.SS 


-2Vdc: 
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III. Design of Single H-Bridge Cell 

A. Device Current 

The IGBT and DIODE currents can be obtained from the 
load current by multiplying with the corresponding duty 
cycles. Duty cycle, d = ^(l+Kmsincot), Where, m = modulation 
index K = +1 for IGBT, -1 for Diode. For a load current given 
by 

/ ph = yfllSinicat - <f>) (9) 
Then the device current can be written as follows. 



-IS in (cot - (/> )x(l + km sin cat) 



(10) 



The average value of the device current over a cycle is 
calculated as 



1 7^2 

— ISin(a>t-tl>)x(\ + kmsm(ot)dwt 

In J 2 



(11) 



B. IGBT Loss Calculation 

IGBT loss can be calculated by the sum of switching loss 
and conduction loss. The conduction loss can be calculated 

by, 



(p =v *i + r *r 

V tmUGBT) 'ceo avg(i S bl) rmsdgbt) c 



= V2/ 
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(12) 
(13) 

(14) 



Values of V and r at any junction temperature can be 

ceo ceo J J L 

obtained from the output characteristics (Ic vs. Vce) of the 
IGBT as shown in Fig .6. 
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Figure. 6. IGBT output characteristics 

The switching losses are the sum of all turn-on and turn-off 
energies at the switching events 

£ = £ + E = a + bl + cl (15) 
Here V__ is the actual DC-Link voltage and V is the DC- 

DC ° nom 

Link Voltage at which E is given. Switching losses are 
calculated by summing up the switching energies. 
Here 'n' depends on the switching frequency. 



1 



Here 'n' depends on the switching frequency. 
After considering the DC -Link voltage variations, switching 
losses of the IGBT can be written as follows. 

P ,„gbt)=L (17) 

So, the sum of conduction and switching losses is the total 
losses given by 



P +P 

on {IGBT) sw f IGBT ) 



(18) 



C Diode Loss Calculation 

The DIODE switching losses consist of its reverse 
recovery losses; the turn-on losses are negligible. 

E m =a + bl + cl 2 (19) 

P ^, 0DE) = L (20) 
So, the sum of conduction and switching losses gives the 
total DIODE looses. 



P = P +P 

T {DIODE) on(DIODE) sw(DIODE) 



(21) 

The total loss per one switch (IGBT+DIODE) is the sum of 
one IGBT and DIODE loss. 



P = P + P 

T T ( IGBT ) sw ( DIODE ) 



(22) 



D. Thermal Calculations 

The junction temperatures of the IGBT and DIODE are 
calculated based on the device power losses and thermal 
resistances. The thermal resistance equivalent circuit for a 
module is shown in fig-7. In this design the thermal 
calculations are started with heat sink temperature as the 
reference temperature. So, the case temperature from the 
model can be written as follows. 



(23) 

Here R U1 u = Thermal resistance between case and heat sink 

th(c-h) 

P = TotalPowerLoss ( IGBT + DIODE) (24) 

IGBTjunction temperature is the sum of the case temperature 
and temperature raise due to the power losses in the IGBT. 



T = P R +T 

jilGBT) T(IGBT) !h{j-c)IGBT e 



(25) 



The DIODE junction temperature is the sum of the case 
temperature and temperature raise due to the power losses in 
the DIODE. 



P R 

T ( DIODE ) lh{ DIODE) 



j(DIODE) T{ DIODE) lh(DlODE) c 

(26) 

The above calculations are done based on the average power 
losses computed over a cycle. So, the corresponding thermal 
calculation gives the average junction temperature. In order 
to make the calculated values close to the actual values, 
transient temperature values are to be added to the average 
junction temperatures. 



(16) 
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E. Level Shifted Carrier PWM (LSCPWM)Technique 




Figure-7 Level shifted carrier PWM (IPD) 

Fig.7. shows the Level shifted carrier pulse width modulation. 
An m-level Cascaded H-bridge inverter using level shifted 
modulation requires (m—1) triangular carriers, all having the 
same frequency and amplitude. For PID modulation, the 
multilevel converter with multilevel requires (ml) triangular 
carriers with same amplitude and frequency. 
The frequency modulation index 'm f ' which can be 
expressed as 

»\f=L'L (27) 
where fm is modulating frequency and fcr are carrier waves 
frequency. 

The amplitude modulation index 'ma' is defined by 

m =V IV , ,JorO<ma<\ (28) 

Where Vm is the peak value of the modulating wave and V 
is the peak value of the each carrier wave [ 1 ] . The amplitude 
modulation index, ma is 1 and the frequency modulation in- 
dex, m f is 6. The triggering circuit is designed based on the 
three phase sinusoidal modulation waves V , V , and V . Three 
of the sine wave sources have been obtained with same am- 
plitude and frequency but displaced 120° out of the phase 
with each others. For carriers wave sources block param- 
eters, the time values of each carrier waves are set to [0 1/600 
1/300] while the outputs values are set according to the dis- 
position of carrier waves. After comparing, the output sig- 
nals of comparator are transmitted to the IGBTs. Figures 8, 9 
and 1 1 shows the waveforms based on three schemes of level 
shifted multilevel modulations: (a) in phase disposition (IPD) 
fig.7, where all carriers are in phase; (b) alternative phase 
opposite disposition (APOD) Fig. 8, where all carriers are al- 
ternatively in opposite disposition; and (c) phase opposite 
disposition (POD) fig. 9, where all carriers above zero refer- 
ence are in phase but in opposition with those below the zero 
reference [1]. Out of IPD, APOD and POD; we found that, 
IPD give better harmonic performance. 





Fig. 9 phase opposite disposition (POD) 

IV. Matlab/Simulink Modeling and simulation results 

Fig. 10. shows the Matab / Simulink power circuit model 
of APE It consists of five blocks named as source block, non 
linear load block, control block, APF block and measurements 
block. The system parameters for simulation study are source 
voltage of 11 kv, 50Hz AC supply, DC bus capacitance 1550iF, 
Inverter series inductance lOmH, Source resistance of 0. lohm 
and inductance of 0.9mH. Load resistance and inductance 
are chosen as 30mH and 60ohms respectively. 




Fig-10 Matlab/Simulink power circuit model of APF 
Level shifted carrier PWM technique results 

Fig. 1 1 . shows the phase-A voltage of five level output of 
level shifted carrier PWM inverter. 



■ Vi 1 ■ 

■I 



■A 1 



T 



Figure. 11. five level LSCPWM output 

Fig. 12. shows the three phase source voltages, three phase 
source currents and load currents respectively without APF. 
It is clear that without APF load current and source currents 
are same. 



1 I — ~r~T — r — 

^ J - 1 1. ■;)_'„; 



Figure. 8. Alternative phase opposite disposition (APOD) 



Figure. 12. Source voltage, current and load current without APF 

Fig. 13 shows the three phase source voltages, three phase 
source currents and load currents respectively with APF. It is 
clear that with APF even though load current is non sinusoi- 
dal source currents are sinusoidal. 
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results are presented. 
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Figure. 13. Source voltage, current and load current with APF 

Fig. 14. shows the DC bus voltage with respect to time. The 
DC bus voltage is regulated to 1 lkv by using Neuro-Fuzzy 
controller. 



Figure. 14. DC Bus Vooltage 

Fig. 15 shows the phase- A source voltage and current, even 
though the load is non linear RL load the source power factor 
is unity. 




Figure. 15. Phase-A source voltage and current 

Fig. 16. shows the harmonic spectrum of Phase -A Source 
current without APF. The THD of source current without 
APF is 29.48%. 



Figure. 16 Harmonic spectrum of Phase-A Source current without 
APF 

Fig. 17. shows the harmonic spectrum of Phase -A Source 
current with APF. The THD of source current with APF is 7%. 




Figure. 17. Harmonic spectrum of Phase-A Source current with APF 

Conclusion 

The Mathematical model for single H-Bridge inverter is 
developed which can be extended to multi H-Bridge. A Active 
Power Filter with five-level CHB Multilevel inverter is 
investigated for LSCPWM. The source voltage, load voltage, 
source current, load current, power factor and THD simulation 
results under non-linear loads are investigated. Finally 
Matlab/Simulink based model is developed and simulation 
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